Aflatoxins are highly toxic carcinogens produced by several species in Aspergillus section Flavi. Strains of A. flavus that do not produce aflatoxins, called atoxigenic strains, have been used commercially in North America as tools for limiting aflatoxin contamination. A similar aflatoxin management strategy is being pursued in Nigeria. In the current study, loci across the 68 kb aflatoxin biosynthesis gene cluster were compared among 18 atoxigenic and two aflatoxin-producing vegetative compatibility groups (VCGs) from Nigeria and an atoxigenic VCG used commercially in North America. Five of the atoxigenic VCGs had large deletions (37-65 kb) extending from the teleomeric side of the aflatoxin biosynthesis cluster. In one VCG (AV0222) the deletion extended through the cluster to the adjacent sugar cluster. The remaining twelve atoxigenic VCGs, including the VCG used for aflatoxin management in North America, contained all the aflatoxin pathway genes, but with defects. Two observations support the long-term persistence of atoxigenicity within A. flavus: first, a comparison of pathway genes revealed more changes in atoxigenic than in aflatoxin-producing isolates relative to the aflatoxin-producing strain NRRL 3357; and second, several non-synonymous changes are unique to atoxigenics. Atoxigenic VCG diversity was assessed with phylogenetic analyses. Although some atoxigenics share relatively recent ancestry, several are more closely related to aflatoxin producers than to other atoxigenics. The current study demonstrates VCGs of A. flavus in West Africa with diverse mechanisms of atoxigenicity and potential value in aflatoxin management programmes.
Introduction
Aflatoxins are a group of toxic secondary metabolites produced by several Aspergillus species (Payne and Brown 1998) . They are highly carcinogenic and can contaminate food and feeds resulting in serious human and domestic animal health problems (Williams et al. 2004) . Regulations limiting the concentrations of aflatoxins allowed in foods and feeds exist in most developed countries (van Egmond et al. 2007 ). Nevertheless, in Africa products of small-scale farms may move from field to mouth without the opportunity for practical monitoring. This can result in severe human health effects as exemplified by the hundreds of deaths associated with acute aflatoxicosis in Kenya (Lewis et al. 2005) . In Nigeria, mycotoxin monitoring is rare, but high concentrations of aflatoxin in pre-and post-harvest maize are known (Adebajo et al. 1994; Udoh et al. 2000; Bankole and Adebanjo 2003; Atehnkeng, Ojiambo, Donner et al. 2008) .
Aspergillus flavus is the most common causal agent of aflatoxin contamination of crops (Klich 2007) . A. flavus isolates produce only B-aflatoxins, while three other aflatoxin producers known in West Africa, A. parasiticus, A. nomius, and the unnamed taxon S BG , produce both B-and G-aflatoxins (Diener et al. 1987; Kurtzman et al. 1987; Cotty and Cardwell 1999) . The molecular basis for aflatoxin biosynthesis is known and the more than 20 genes involved are clustered in a 65-70 kb DNA region .
A. flavus is widely distributed with the greatest quantities of the fungus in warm climates Boyd and Cotty 2001) . Gene flow within A. flavus is limited by a vegetative compatibility system (Papa 1986; Bayman and Cotty 1991 ) that delineates numerous genetic groups called vegetative compatibility groups (VCGs), which are clonal lineages ) that vary in many characteristics, including aflatoxin-producing ability.
Populations of A. flavus in individual agricultural fields are complex communities that contain many VCGs Ehrlich et al. 2007 ). Aflatoxin-producing potential is known to vary less among isolates within a VCG than among isolates from different VCGs . Communities of A. flavus VCGs resident in different fields, areas, and regions may vary widely in average aflatoxin-producing ability (Schroeder and Boller 1973; Lisker et al. 1993; Cotty et al. 1997) . Isolates that do not produce aflatoxin, called atoxigenic, are common within A. flavus communities (Joffe and Lisker 1969; Schroeder and Boller 1973; Lisker et al. 1993; Cotty et al. 1997) . Surveys of A. flavus isolates from various geographic regions have revealed differences in the proportions of isolates that produce low, medium, and high amounts of aflatoxins (Cotty 1997; Cotty and Cardwell 1999; Horn and Dorner 1999) . In Argentina (Vaamonde et al. 2003) and Iran (RazzaghiAbyaneh et al. 2006) , fewer than 30% of A. flavus isolates are capable of producing aflatoxin, whereas in Nigeria more than 50% produce aflatoxins (Donner et al. 2009 ). In the south-western United States, most A. flavus isolates produce aflatoxin due to the high incidences of the aflatoxin-producing A. flavus S-strain (Cotty 1997; Horn and Dorner 1999) .
There are two atoxigenic strains of A. flavus used to reduce aflatoxin contamination of commercial crops in the United States (Dorner 2004; Cotty 2006; Cotty et al. 2008 ). Each strain is in a distinct VCG and affects aflatoxin levels by competitively excluding aflatoxin producers (Cotty 2006) . One of these strains, AF36, has successfully suppressed aflatoxin producers on cottonseed in Arizona and Texas, where it occurs naturally, since 1999 . Recently, efforts were initiated to develop similar technology for use in Africa where several indigenous atoxigenic strains have been shown to exclude aflatoxin producers and thereby reduce aflatoxin concentrations in maize Hell et al. 2008) .
The loss of aflatoxin production by members of Aspergillus section Flavi is not well understood. For example, neither A. sojae nor A. oryzae produce aflatoxins (Wei and Jong 1986) , even though homologues of aflatoxin biosynthetic genes are present in each Klich et al. 1995; Yu et al. 2000) . Both species have been used for centuries in the food fermentation industry and are generally considered safe (Machida et al. 2005; Chang et al. 2007 ). Although A. oryzae strains have the aflatoxin biosynthesis gene cluster, it is not functional . A. oryzae is a domesticated atoxigenic strain of A. flavus (Wicklow 1984; Kurtzman et al. 1986; Chang et al. 2006) . The aflatoxin biosynthesis genes in A. oryzae contain deletions, frame-shift mutations, and base pair substitutions that explain the lack of aflatoxin production . Deletion of portions of the aflatoxin biosynthetic gene cluster within atoxigenic A flavus isolates is not rare (Chang et al. 2005) and strains of A. flavus with large deletions in the aflatoxin gene cluster have been used to study the genetics of aflatoxin biosynthesis for over a decade (Prieto et al. 1996) . A single nucleotide polymorphism (SNP) in a polyketide synthase gene results in atoxigenicity in the biocontrol strain AF36 Ehrlich et al. 2007 ). Nevertheless, molecular mechanisms responsible for the loss of aflatoxin production are diverse and for most atoxigenic A. flavus strains the specific genetic changes resulting in atoxigenicity are unknown.
In the current study, in order to provide a basis for understanding atoxigenicity in Nigeria, aflatoxin biosynthetic gene clusters of 18 atoxigenic A. flavus VCGs were compared with two aflatoxin-producing A. flavus isolates from Nigeria and an isolate from North America belonging to the atoxigenic VCG to which AF36 belongs using two approaches. First, sequences from 14 genes from the aflatoxin gene cluster were generated to assess nucleotide polymorphism. Second, eight additional cluster genes were polymerase chain reaction (PCR)-amplified to determine the presence/ absence of the genes (Chang et al. 2005) . To assess the diversity of atoxigenic strains available for biocontrol in Nigeria, relationships among the examined isolates were assessed with phylogenetic analyses that included two additional protein coding loci outside the aflatoxin gene cluster, pecA and taka amylase. Molecular characteristics were discovered that will be useful both for monitoring the stability of atoxigenic phenotypes and for specifically identifying each of these candidate biocontrol agents.
Materials and methods

Isolates, vegetative compatibility and aflatoxin production
Isolates belonging to the L strain of A. flavus (Table 1) were recovered by a dilution plate technique based on modified rose Bengal agar (MRBA; Cotty 1994) from maize collected in several districts of Nigeria (Atehnkeng, Ojiambo, Donner et al. 2008 ) and placed into vegetative compatibility groups (VCGs) by complementation of nitrate non-utilizing mutants as previously described Cotty 1991, 1993; Cotty 1994 Cotty , 1997 . The commercial biocontrol agent from the United States, A. flavus AF36 (ATCC96045) was used as a reference culture throughout the study.
Aflatoxin content was quantified as previously described (Cotty, 1997; Cotty and Cardwell 1999) . Flasks (250 ml) containing 70 ml of a chemically defined medium with ammonium as the sole nitrogen source were inoculated with an isolate belonging to Aspergillus section Flavi. After 5 days of incubation, 50 ml acetone were added to lyse the mycelium and solubilize the aflatoxins. The cultures were filtered and the aflatoxins partitioned into methylene chloride and spotted on thin-layer chromatography (TLC) plates to determine the presence or absence of aflatoxins. Extracts negative for aflatoxin content were evaporated to dryness, dissolved in 60% methanol, and loaded onto a column with immunoaffinity to aflatoxins (Aflatest P column, VICAM, Watertown, MA, USA). Aflatoxins were eluted from the column with methanol. The eluate was concentrated, spotted onto TLC plates, developed, and quantified as previously described (Cotty and Cardwell 1999) . The limit of detection was 0.5 ng aflatoxin g À1 mycelium.
DNA isolation Fungi were cultured in 70 ml Czapek-Dox Broth (Difco Laboratories, Detroit, MI, USA) in 250 ml flasks agitated at 150 rpm at 32 C for 48-72 h. DNA from most cultures was isolated using the FastDNA SPIN Kit and the FastPrep Instrument according to manufacturer's instructions (Qbiogene, Inc., Carlsbad, CA, USA). If a PCR was unsuccessful, it was repeated with DNA isolated with a second method using a chloroform-phenol protocol as follows.
Mycelia were collected by vacuum filtration, ground to a fine powder in liquid nitrogen, and stored at À80 C. In 1.5 ml tubes, 200 mg of mycelial powder were resuspended in 750 ml spermidine-sodium dodecylsulphate (SDS) buffer (4 mM spermidine, 10 mM ethylenediamine tetra-acetic acid (EDTA), 0.1 M NaCl, 0.5% SDS, 10 mM -mercaptoethanol, 40 mM Tris-HCl pH 8.0). After adding an equal volume of phenol, the suspension was centrifuged at 14,000 rpm for 15 min. Mycelial lysates were recovered, mixed with an equal volume of phenol-chloroform (1 : 1), and recentrifuged for 15 min at 14,000 rpm. The supernatant was mixed with an equal volume of chloroform-isoamyl alcohol (24 : 1) and centrifuged. DNA was recovered from the aqueous phase by mixing a 0.1 vol. of 3 M sodium acetate pH 5.5 and adding 2 vols of 100% ethanol. The DNA was pelleted by centrifugation, washed with 70% ethanol, air dried, and redissolved in TE buffer (20 mM Tris-HCl pH 7.5, 0.1 mM EDTA). The DNA concentration was measured with a spectrophotometer (model ND-1000, NanoDrop).
PCR conditions
Oligonucleotide primer sets (Table 2) targeting PCR products of 0.3-1.2 kb were derived from known sequences of aflatoxin biosynthetic pathway genes of Isolates from Nigeria used in a previous study by . b AF36 (ATCC 96045) is a strain that produces no aflatoxin and which is used commercially for aflatoxin biocontrol in the United States. c n.a., Not available. They could not be assigned to any VCG because of incompatibility. A. flavus AF36 (AY 510455), AF13 (AY 510451), and AF70 (AY 510453). Some primers sets were based on Chang et al. (2005) and Ehrlich et al. (2005) . Primers for the genes norB, pksA, afIR, norA, ver-1, verB, omtB, pecA, and taka amylase were designed using DNAMAN version 6 (Lynnon Biosoft, Vandereuil, Canada). Primers used to PCR-amplify the genes C2, aflT, fasA(hexA), aflJ, estA, omtA, verA, avnA, avfA, vbs, cypX, ordB, hypA, and glcA were previously described by Chang et al. (2005) and norB-cypA by . PCR used 5 ng genomic DNA, 50 pmol of forward and reverse oligonucleotides, and the HotMaster PCR kit (Eppendorf, Westbury, NY, USA) in a 50 ml final volume. Annealing temperatures (Table 2) were optimized for each primer set (Chang et al. 2005; Ehrlich et al. 2005) . PCR reactions were performed with a MyCycler thermocycler (Bio-Rad Laboratories, Richmond, CA, USA) under the following conditions: 5 min at 95 C followed by 38 cycles of 95 C for 30 s, locus-specific annealing temperature for 20 s, 72 C for 30 s, and 10 min at 72 C. Amplicons were visualized with SYBR Gold after 1.2% agarose gel electrophoresis. Amplicons of the genes norB, aflT, hexA, aflR, alfJ, estA, ver-1, avnA, avfA, omtB, omtA, vbs, hypA, and glcA were sequenced by The Genomic Analysis and Technology Core Facility (GATC) at the University of Arizona, Tucson.
Analysis of synonymous and non-synonymous substitutions
Sequences were aligned to codon-aligned nucleotide sequences of A. flavus AF13 from Genbank. Synonymous (silent) and non-synonymous (amino acid-altering) nucleotide substitutions were calculated with reference to A. flavus NRRL3357. Minor manual modifications were made to the automatic DNA alignments to optimize alignments and ensure indels did not erroneously split codons. Estimates of synonymous and non-synonymous substitution rates were made with Synonymous Non-synonymous Program (SNAP) (Korber 2000) based on Nei and Gojobori (1986) and incorporating the statistic of Ota and Nei (1994) . The ratio dN/dS (equivalent to K a /K s ) was calculated with SNAP.
Pyrosequencing (Biotage, Uppsala, Sweden) was used as previously described (Das et al. 2008) to assess distribution of the single nucleotide polymorphism in pksA responsible for atoxigenicity in A. flavus AF36 .
Statistical analyses
Analyses were performed with SAS (version 9.1.3, SAS Institute, Inc., Cary, NC, USA). Analysis of variance (ANOVA) was performed on all data with the general linear model (GLM) suitable for unbalanced data. The GLM of SAS uses the least-squares method to fit data to a general linear model. Tukey's honest significant difference (HSD) test was used to separate means at the 5% level.
Phylogenetic analysis
Phylogenetic analyses included sequences from Genbank for A. flavus L strain AF13 and NRRL3357, A. flavus S strain AF70, and A. parasiticus. DNA sequences were aligned with DNAMAN version 6 (Lynnon Biosoft, Vandereuil). A concatenated data set of 13 genes within and three genes outside of the aflatoxin biosynthesis pathway was subjected to phylogenetic analyses using PAUP* Version 4.0b10 (Swofford 2002) . Parsimony trees were obtained using heuristic search methods with stepwise sequence addition and the tree-bisectionreconnection (TBR) branch-swapping algorithm. All sites were equally weighted and gaps treated as missing characters. Bootstrap analyses were based on 1000 replicates.
Results
Aflatoxin production of aflatoxin-producing VCGs
The 21 atoxigenic strains previously selected for use in biocontrol of aflatoxin contamination of maize (Atehnkeng, Ojiambo, Donner et al. 2008 ) were confirmed as atoxigenic (limit of detection ¼ 0.5 ng aflatoxin B 1 g À1 mycelium) ( Table 1 ). The two aflatoxin-producing isolates from West Africa produced widely varying aflatoxin concentrations from 560 ng g À1 aflatoxin B 1 for AV0106 to 23,000 ng g À1 for AV3228. Out of the initial 21 atoxigenic isolates tested, 18 were assigned to a VCG. Complementary mutants could not be generated for three isolates and these were not assigned to a VCG (Table 1) .
Deletions in aflatoxin biosynthetic gene cluster of atoxigenic A. flavus isolates All 21 gene fragments attempted were successfully PCR-amplified for both aflatoxin-producing isolates from West Africa. In addition, all fragments were successfully amplified for A. flavus AF36, the atoxigenic strain used commercially for aflatoxin biological control in the United States, and for 13 of the 21 atoxigenic strains belonging to different VCGs from Nigeria. PCR results for seven of the atoxigenic A. flavus isolates consistently indicated large deletions in the aflatoxin biosynthetic pathway (Figure 1 ). Deletions ranged from the entire cluster for AV0222 to deletion of all genes from norB through norA, over 35 kb. The seven isolates belonged to five different VCGs and all originated from the same district: Ogbomosho. The large deletions included the 5 0 end (proximal to the teleomere) of the aflatoxin gene cluster except for AV0173 and AV0452 which retained remnants of the norB-cypA region. For four VCGs (AV3150, AV3058, AV2757 and AV16127), the PCR protocol failed to amplify the 603 bp target within the gene cypX (aflV) while protocols for the adjacent genes vbs (aflK) and moxY (aflW) produced the expected amplicons. These four VCGs originated from three districts ( Figure 1 and Table 1 ). The protocols for the three genes not involved in aflatoxin biosynthesis, pecA, taka amylase, and glcA, produced the predicted amplicons for each of the 24 A. flavus isolates included in the current study.
All A. flavus isolates had deletions in the norBcypA region when compared with the norB-cypA region of A. parasiticus (AY371490). In all isolates except AV3228, deletions included coding regions for amino acids 1-280 of norB and 1-112 of cypA, and the norB-cypA intergenic region. In AV3228, coding regions for amino acids 1-181 and 300-310 of norB and 1-29 of cypA were deleted along with the norB-cypA intergenic region.
The pyrosequencing assay used to detect the SNP responsible for atoxigenicity in A. flavus AF36 Das et al. 2008) successfully identified the target SNP in AF36 but not in any other A. flavus isolate.
Distribution of nucleotide polymorphisms
In A. flavus, the aflatoxin-biosynthesis gene cluster is 66.1-66.5 kb in length. In the current study, 0.4-8.1 kb of the cluster was sequenced for the 18 atoxigenic and two aflatoxin-producing A. flavus VCGs. Of the sequenced cluster regions, 5 kb were coding sequence and 3.1 kb were non-coding. In addition, three gene pieces (2.2 kb) outside of the cluster were sequenced, including 649 bp of glcA, a component of the sugar cluster adjacent to the aflatoxin-biosynthesis cluster. All polymorphisms were measured in relation to NRRL3357, the fully sequenced A. flavus isolate and a producer of high aflatoxin concentrations. Gene segments differed significantly (p ¼ 0.05) in percentages of both polymorphic bases and non-synonymous substitutions. The greatest rates of polymorphism occurred in ver-1 among atoxigenic VCGs and in omtB among all VCGs in both coding and non-coding segments. Among all VCGs, significantly (p ¼ 0.05) more polymorphisms were detected in non-coding (3.4%) than in coding (2.8%) gene segments. This was true both when the toxigenic strains were included and when they were removed from the analysis. Among atoxigenic VCGs, gene segments outside the aflatoxin cluster were less polymorphic (total ¼ 0.3%, synonymous ¼ 0.2%, non-synonymous ¼ 0.1%) than segments within the cluster.
Polymorphisms in hypA, a gene present in all but one of the isolates from Nigeria, ranged from 0.0% to 2.7% in atoxigenics exhibiting large deletions in the remainder of the cluster (six isolates) and from 0.0% to 1.1% in atoxigenics with no deletion. The two aflatoxin producers had 0.4-0.9% polymorphism. For the isolates without large deletions from the cluster, there were significant (p ¼ 0.05) differences in per cent polymorphic bases between aflatoxin producers and atoxigenic isolates in the coding segments of aflT, hexA, aflR, aflJ, ver-1, and omtB. Only the segments of aflT, ver-1, and omtB had significantly (p ¼ 0.05) more non-synonymous substitutions in atoxigenic strains than in the aflatoxin producers. Neither of the aflatoxin producers contained polymorphisms in the aflatoxin regulatory genes aflR and aflJ. All but one of the atoxigenics had polymorphisms in aflR and several atoxigenics had polymorphisms in the aflJ segment in which several changes were detected in protein sequences. Although frequencies of polymorphisms varied among atoxigenic VCGs for several genes (i.e. avfA and omtA), polymorphism frequency was consistent among atoxigenics for many other genes. Atoxigenic strains had significantly greater polymorphism frequencies than aflatoxin producers in both coding and non-coding segments of the aflatoxin-biosynthesis cluster.
The majority of the nucleotide changes in gene segments of the aflatoxin biosynthesis gene cluster resulted in synonymous substitutions (Table 3 ). The ratio dN/dS, as calculated with SNAP (Korber 2000) , resulted in a ratio far less than 1 for most gene segments including genes with very high polymorphism rates (i.e. omtB and ver-1). However, one gene (avnA) had dN/d s values greater than 1 both for twelve of 15 atoxigenics and for one aflatoxin producer. In that segment the highest simple ratio of synonymous to nonsynonymous substitutions was also measured. In the hypA gene segment, twelve of 15 atoxigenics and one aflatoxin producer contained two non-synonymous substitutions and no synonymous (Table 3 ). The ratio of non-synonymous to synonymous changes of all isolates was almost balanced in the aflT gene segment. Values for several genes could not be calculated because the values for dS or Sd were zero.
Although only 9.5% of the coding sequence of the aflatoxin biosynthesis pathway was sequenced, several DNA polymorphisms which lead to predicted amino acid changes were detected that did not occur in aflatoxin-producing isolates (Table 4) . Several of these cause changes in amino acid type (i.e., serine to proline or proline to threonine) and reactivity (i.e., arginine to cysteine).
Phylogenetic analysis
Phylogenetic analyses on the 13 concatenated gene segments (norB-hypA) were performed on those atoxigenic strains without large deletions in the cluster (Figure 2 ). Twelve of 14 atoxigenic isolates formed a highly supported clade separated from the aflatoxin producers from Nigeria and the United States. Nevertheless, two atoxigenic isolates, AV3108 and AV2216, were closely related to A. flavus aflatoxin producers from the United States. The aflatoxinproducing isolates from Nigeria, AV3228 and AV0106, which have low polymorphism frequencies in the analysed gene segments, belonged to well-supported clades shared by the North American aflatoxin producers AF70 (AV0106) and NRRL3357 (AV3228).
The phylogenetic analysis from genes outside the cluster (taka amylase-pecA-glcA) resulted in most parsimonious trees with only a single highly supported clade, that shared by two VCGs (AV0452 and AV0173) with the same deletion pattern in the aflatoxin gene cluster (Figure 3 ). The majority of Nigerian atoxigenic isolates shared a clade separated from both atoxigenic and aflatoxin-producing isolates from the United States.
Discussion
Aspergillus flavus isolates that do not produce aflatoxin have been found worldwide and are not rare ). Some of these isolates are used successfully to reduce aflatoxin contamination of susceptible crops in fields by competitively excluding native aflatoxinproducing A. flavus strains (Antilla and Cotty 2002; Dorner 2004 ). The safety and stability of atoxigenic strains must be demonstrated before atoxigenic strains can be registered as biopesticides (Bacchus 2007; Cotty et al. 2007 ). The atoxigenicity of A. flavus isolate AF36, a registered biopesticide, is the result of a single nucleotide polymorphism which inserts a stop codon near the beginning of the coding sequence (pksA) for polyketide synthase ). The AF36 pksA polymorphism was not found among the Only amplicons including coding regions with protein information are included; gene names and length of the portion of coding region used; Sd, synonymous substitutions; Sn, non-synonymous substitutions; non-synonymous (dN) and synonymous (dS) as calculated by applying the Jukes-Cantor correction for back-mutations; dN/dS, ratio of non-synonymous to synonymous substitutions; P, percentage polymorphic sites for each gene/sequence; Sn/Sd, simple ratio of non-synonymous to synonymous substitutions; n.a., not applicable because either Sn/Sd or dN/dS could not be calculated; isolates names are shown in bold (AV3228 and AV0106) indicate the aflatoxin producers.
atoxigenic isolates from Nigeria. Nevertheless, other molecular lesions within aflatoxin pathway genes were observed in atoxigenic A. flavus isolates from Nigeria. In the present study, atoxigenic A. flavus isolates from Nigeria were found that did not generate PCR products for several regions within the aflatoxin gene cluster, indicating the presence of large deletions. Deletions within the aflatoxin gene cluster were found previously in isolates of both A. flavus and the closely related A. oryzae (Kusumoto et al. 2000; Chang et al. 2005) . Kusumoto et al. (2000) classified strains of A. oryzae into three groups based on the deletion pattern. Strains belonging to groups 2 and 3 contained large deletions, while group 1 had a nearly intact aflatoxin gene cluster. Lee et al. (2006) confirmed that A. oryzae isolates belonging to group 2 had deletions on the left side of the aflatoxin gene cluster extending to a chromosome breakpoint in the gene ver-1. The deletion type of group 2 is apparently identical to that of isolate AV0230 of the current study. Interestingly, several deletion patterns observed by Chang et al. (2005) were also found within Nigerian atoxigenic A. flavus VCGs. Nevertheless, in the current study new types of deletions were also found. Isolates AV0205, AV0216, and AV0165 contained large lesions extending to ordB and hypA, at the distal end of the aflatoxin gene cluster. A lack of PCR products also suggested deletion of cypX in four A. flavus isolates; deletion of cypX is known to result in atoxigenicity (Wen et al. 2005) . Lesions of the isolates AV0173 and AV0452 Table 4 . Non-synonymous nucleotide (Nt) substitutions in gene sequences of atoxigenic Aspergillus flavus isolates that were not found in the toxigenic isolates NRRL3357, AF13, AF70, AV3228, and AV0106, and the impact of substitutions on amino acid changes.
Genes
Nt change
Nt position respect to the translation with start site
Amino acid change
Amino acid position with respect to the translation start Isolates
( Figure 1 ) were similar to deletion pattern C identified by Chang et al. (2005) . The loss of the entire aflatoxin gene cluster of isolate AV0222 is comparable with the deletion pattern H of Chang et al. (2005) . Atoxigenic isolates from the district of Ogbomosho formed a unique group among the isolates from Nigeria in that they alone contained large deletions in the aflatoxin gene cluster. All the Ogbomosho strains belong to different VCGs and were found within a relatively small geographic area and may be derived from a common ancestor. This is supported by the phylogenetic analysis for the concatenated gene pieces taka amylase-pecA-glcA, which resolved these isolates into a single clade. Both adaptations and selective forces that may cause such isolates to become established in Ogbomosho are unknown.
Genes controlling secondary metabolites are generally organized in clusters, many of which are species specific (Nierman et al. 2005) . As has been observed for mammals, nematodes and yeasts, repeats and subtelomeric sequences are associated with rearranged regions (Eichler and Sankoff 2003; Galagan et al. 2005) . The aflatoxin gene cluster of the toxigenic A. flavus isolate NRRL3357 genome is biased toward the telomere (Chang et al. 2007) . Similarly, the left side of the aflatoxin gene cluster of A. oryzae isolate RIB40 and that of RIB62 are close to the telomere with the distance from the beginning of the aflatoxin gene cluster to the telomere being only 18 kb in A. oryzae RIB40. The side of the aflatoxin gene cluster toward the sugar utilization cluster is relatively conserved, whereas, at the opposite end, the regions toward the telomere are highly variable (Ehrlich et al. 2005) . Preliminary, genome analyses reveal large non-syntenous regions resulting from insertions or deletions in subtelomeric sequences, intra-molecular recombination, and variation in the number of gene duplications (Nierman et al. 2005) . For example, a deletion in the cypA gene is the reason why A. flavus is incapable of producing G-aflatoxins (Ehrlich et al. 2007) . The cypA gene is located toward the telomeric region at the beginning of the aflatoxin gene cluster. The location of the aflatoxin gene cluster in the telomeric region of A. nidulans, A. oryzae and A. flavus facilitates gene loss as well as recombination, DNA inversions, partial deletions, translocations and other genomic rearrangements (Kusumoto et al. 2000; Chang et al. 2005; Ehrlich et al. 2005; Wong and Kenneth 2005; Carbone et al. 2007) . The large deletions found in the current and previous studies are consistent with these suggestions. Eleven atoxigenic VCGs were tested previously to evaluate A. flavus strains as potential biocontrol agents for maize in Nigeria ). These isolates varied in efficacy reducing aflatoxin in maize from 70.1% to 99.9%. AV3279 was the most effective atoxigenic isolate (greater than 99.3%) followed by the isolates AV3303, AV0222, and AV4216 with an average aflatoxin reduction of greater than 92% ). Among these highly effective atoxigenic strains, several lacked deletions in the portions of the aflatoxin biosynthesis gene cluster examined, as does the biocontrol strain AF36 and one (AV0222) had a deletion covering the entire gene cluster. These results suggest that remnants of the aflatoxin gene cluster are not necessary for isolates effectively to exclude aflatoxin producers during host infection.
Differences between atoxigenic and aflatoxinproducing strains were observed based on the combined aflatoxin biosynthesis gene data set. Phylogenetic analysis of gene segments both within aflatoxin gene clusters and outside indicate most atoxigenic isolates are more closely related to each other than to aflatoxin producers. Atoxigenic isolates exhibited significantly more polymorphisms, in relation to the NRRL3357 sequence, in coding gene segments than aflatoxin producers. Ver1 averaged 4.0% polymorphism for atoxigenic strains, but only 0.1% for toxigenic isolates. Most nucleotide changes in avnA and hypA resulted in non-synonymous amino acid substitutions suggesting a response to selective pressure. One amino acid change occurred in the aflJ gene in nine atoxigenic isolates, but not in high aflatoxin producers. This gene is involved in the regulation of aflatoxin biosynthesis (Meyers et al. 1998; Ehrlich et al. 1999; Chang et al. 2000) . Similar to the current study, the majority of atoxigenic A. flavus and A. oryzae had aflatoxin gene clusters without significant deletions (Kusumoto et al. 2000; Chang et al. 2005; Lee et al. 2006) . In these cases, atoxigenicity probably results from SNPs or small deletions in aflatoxin-cluster genes (Calvo et al. 2004 ). Molecular mechanisms responsible for atoxigenicity in A. flavus appear to be diverse, and the mechanism of atoxigenicity in most isolates lacking large deletions in the gene cluster is still not firmly established. Differences in frequencies of nonsynonymous substitutions among isolates may reflect the initial stages of differential adaptation.
The production of aflatoxins by the species Aspergillus involves approximately 25 genes within a complex biosynthetic pathway which requires a considerable expenditure of energy . Ehrlich et al. (2005) estimated that the aflatoxin gene cluster of A. flavus was maintained for at least 25 million years and that the loss of genes for production of G-aflatoxins must have occurred less than 17 million years ago. Conservation of aflatoxin biosynthesis among certain A. flavus strains suggests important adaptive values for aflatoxins in character-shaping niches (Ehrlich et al. 2005) . Around half of the A. flavus L-strain isolates do not produce aflatoxin in Nigeria (Atehnkeng, Ojiambo, Donner et al. 2008; Donner et al. 2009 ). In contrast, A. parasiticus, A. nomius, and the unnamed taxon S BG of West Africa uniformly produce large quantities of aflatoxins (Kurtzman et al. 1987; Ehrlich et al. 2003; Donner et al. 2009 ). The precise function of aflatoxins in fungal life cycles is a subject of debate, but for these three species aflatoxin production clearly has adaptive value. Within the L strain, this value is apparently less. Ecological roles for aflatoxins are not well characterized, but aflatoxins may protect against competing microbes and/or insects (Matsumura and Knight 1967; Drummond and Pinnock 1990; Dowd 1992) . Aflatoxins have low phytotoxicity (McLean et al. 1995; Hasan 2001) and are not suspected to be involved in plant virulence (Cotty 1989 ). Aflatoxin production is not essential for fungal growth and is not required for successful competition with other aflatoxin-producing strains during crop infection (Horn et al. 2000; Bhatnagar et al. 2003) . In nature, atoxigenic and toxigenic A. flavus successfully coexist, and atoxigenic A. flavus strains are equally capable of infecting susceptible crops (Cotty 1989 (Cotty , 1997 . Ehrlich et al. (2005) suggested that over the last several million years the average adaptive value of aflatoxins may have decreased due to movement into new niches or loss of formative niches in the current environment. Aflatoxin production does not appear to be advantageous to the L strain of A. flavus in crop-associated niches; thus, loss of aflatoxin-producing ability may make the fungus more energy efficient, and more competitive in crops.
In nature, VCGs largely behave as clonal lineages (Ehrlich et al. 2007 ) and, in the present study, some isolates belonging to different VCGs had identical deletion patterns and were closely related. Thus, in some cases, atoxigenicity may predate divergence of new VCGs and, as such, atoxigenicity may be a relatively stable trait that does not impair long-term competitiveness and survival in certain niches.
Most of the atoxigenic VCGs examined yielded amplicons for each of the aflatoxin biosynthesis genes examined. Further studies will be needed to determine the precise mutations causing atoxigenicity. The current study demonstrates that for several West African atoxigenic VCGs being developed as biocontrol agents, atoxigenicity is derived from deletions in portions of the aflatoxin biosynthesis gene cluster and that these deletions have long-term stability.
